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SIC Bulk Material




3" 4H-N SIC Substrate

T A== yiAvin
DARPAC

Pipes = 58

Pipe density = 1.3 cm™

CREC &
91T
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Expected Yield for Current
High Quality Substrate

For our current “good” wafers the expected yield of 10 and 100 A
devices is shown below (Loss due to pipes only)

600 V/100 A SBD

600 V/10 A SBD

Yield = 95%

e i i Pipe density = 1.3 cm™? | ;}5(



N, 4H-SIC Resistors are Relatively
Temperature Insensitive
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SIC Schottky Barrier Diodes
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SIC Schottky Diodes are
Commercially Available from Cree

Zero Recovery Rectifiers™

Parts commer cially released
600V -1,4,6,10& 20 A

1200V - 5,10 A
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10 A, 600 V Schottky Diode

10A@16V -25°C
5A @16V -200°C
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Reverse | - V vs. Temp. - 600 Volt,

10 Amp Device

Reverse Voltage (Volts)
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Forward Current (Amps)
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10 Amp SIC Schottky Diode
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Rever se Recovery of SIC Schottky
Rectifier vs. S FRED

8
_° SiC Schottky Diode,
< 4 600V, 10 A
2 | TJV: 25, 50, 100, 150°C
= I
-2 -+ £
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4 eoc INCA | L E 100°C
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Large Area Schottky Diodes

L/ Werical | o T | / Werical
20.0ud/div 5.00 &/ div
Horizontal 32 A @ 1 . 6 V Horizartal
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600 V, 135 A SIC Schottky Rectifier Module
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600 V, 135 A SIC Schottky Rectifier Module

0.00E+00
-1.00E-04
> 0OE-04 1 (600V) = 220 pA (25°C)

| (600V) = 640 pA (150°C)

-3.00E-04
= 150°C

-4.00E-04
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-7.00E-04
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-V characteristics of 1200V, 5 A

0
5.08A @178V
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SBDs

1.00 &/di

Horizontal |
200 Adive

Step Gen(an]
20.0ud/Step

Step Offzet
0004

/ 10, 0ub div
Harizanta |

]
200°% Adre

Step Gen[4.M]
20 0wt/ Step
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0.00 A

~ 100 pA @ 1400V
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Efficiency (%)
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10 A SIC SBD vs. 15 A Si PIN Diode In
a 1000 Watt Boost Converter
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High Power PFC Circult using

Snubbers
390 W, f =95 kHz Cs Snubber Diode
o>
LBoo < | _PFC Diode

o g W e W jeDre——e— _ e

> | = 3
g .§ LS Cout -5' ai
58 8 » — &> | 8
Sl | | Snubber O S P
&E) 0 8 FET Bias Network O ™ %
¢« & S —— e

2MOSFETs(500V, 14 A), IRFP450
Dual Si PiN Diodes (600 V, 4 A), MURH860CT




SIC Schottky Diode Improves the PFC
Efficiency by ~ 5% and Eliminates the Snubber

90
_—9—02—0—90
80 SiC ‘/./:_,_./I — i —n
- ?@‘/l/.
S 70 .
> / /
- Ve
2 60 <
"LE R
g 50 "
o —m— 85 V Si Diode with Snubber
o —@— 85 V SiC Diode with 2 FETs
40 —A— 85V SIC Diode with 1 FET

20 40 60 80 100
Load (%)
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Motor Control Applications

SIIGBT + Si PIN SI IGBT + SIiC SBD
XE 1

<
IRG4PC4OlIJD Cree CSD20060
~
480V DC “J sc 4
1 o Schottky o
T Seu < XE
0
Lk
I~ | XIRG4PC40UD
0 / \
SIGBT ¥ S PN
600 V/40 A
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Hard Switched Silicon IGBT’s

Diode Waveforms

Si PIN Diode SiC Schottky Barrier Diode
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Hard Switched Silicon IGBT’s

IGBT Waveforms
Si PiN Diode SiC Schottky Barrier Diode
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Hard Switched Silicon IGBT’s

Cut Switching Losses by 50% with SiC SBD

200 T ]
180 150°C Si Ultrafast Diode P,
£ R x/
G 160 3 /r
o 140 NN P
@ O\ >/
8 120 50°C \
= 100 . ><, ==
c
= 60 ] D/E/

-..-"'

D40 P J//)__,,..- |
O = — SiC SBD /

10 20 30 40 50 60 70 80 90 100
Switching Frequency (kHz)




SIC Bipolar Junction
Transistors

CREC &
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1200V, 4H-SIC BJT Structure

3um Sum 10um
!—P‘<—>‘<—>
. ~ 0.75 um, 5x10%° cm-®

1 Mm, 2x10'" cm’3 B | 5

w <FP F)+

*\ T /’ L ifetime ~ 60ns k\ I /ﬁ
N, 15 Um, 4.4x10' cm™

P"GRs P™GRs

N*, 4H-SIC
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CAD Layout of the
Smmx3mmBJT

Emitter N* GR's

Emitter Contact

Rensselaer




3mm, 1200V, 4H-SIC BJT

Poor conductivity
modulation in the collector

C A
T T T LAY | e it
Th B.00 Addi ) i
35A, 4V Lt AA | e o
) ‘ > Step Genldy) Step Genlady)
l 1.00 A45tep 1.00me/Step
\/K\\ 17 1 3 'A Step Offzet Step Offzet
y :.' / ’ 0.00 A 0.00 A
T /Bma =12
oot et 2 | .
i
| I 1300 V
'r e | | |
g ="0A |

On-Resistance = 8 mohm-cm?
Equivalent SiC MOSFET ~ 24-30 mohm-cm?
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T=25°C
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b.00 &/ dre
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1.00 A/Step

Step Offset
0.004

Comment

Temperature Dependence

Good for paralleling
T =250°C
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|
=0A

> D>

B =6, R,, = 23 mohm-cm?
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3Smmx3mm, 600V SICBJT

Base Current = 200 ma per step

Ice (amp)
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Negative Temperature Coefficient
of B Helps Paralleling

12

Current Gain
(@)

4
2
0
0 5 10 15 20
IC (Amp)
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Turn-On Transient of the 4H-SIC BJT
t.= 386 ns t. = 365 ns

1kaun F it ] Trig?
. ot Jg Tek Run | —

v B . u

25°C Tum-On - ?----f--f---200°CTurnOn
vCE_zozv o] ______ V200V { o

Tng?

: § 3se.ans : : : : : . | |:C:14.2.A: 265,415
K
K| 146A chzHigh | e EE———— .
14.6 A . : : : : : - » ARTTRE . Cl;ldz‘ Ellgh
C Ng=22A

.-~} Ch3High
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m:-.‘*rr TS /e v -0

Chil 700V @G 5.00 N<2 W[ 200ns| A] Ch3 & 180mA SR S T U P S N N T
30 Sep 2003 Chi| 100V |@iF| 5.00 A M 200ns| Al Ch3 5 160ma
30 Sep 200:

Ch3| 1.00A G
11120.00 % 16:12:09 Ch3 1.00A%
20,40 % 15:29:34

Turn-on time can be reduced by reducing the base resistance
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Turn-Off Transient of the 4H-SIC BJT

t= 170 ns

ek nun__

25°C Tum-Off s -

| V202V
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4H-SIC Power MOSFET Development

%

|1|ul
Iy
Inluul
I



SiIC DMOSFET

| mprove edge ter mination

16 1um

Source

3.3 mm

Collector

e Improve Inversion layer electron mobility
 Improve gate oxide reliability
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4H-SIC MOS Yields
High Reliability at 300°C!!

1.E+10 + N\

1 E+09 \ ® NMOS-C 175C
- 1.E+08 \ O MOSFET 175C
o \
o LE+07 - \ ® NMOS-C 300C
S 1.E+06 \
'© [ Acceptable MTTF: N
L LE+OS 4 100 Years \ \
O 1E+04 | \ \ \7)6‘
O 1E+03 | N ANl
= 1.E+02 O \ \
- C N
8 1.E+01 x
= 1.E+00 \

1.E-01 Operating Field \ \

1.E-02 + I \

4 ) 6 7 8 9 10 11
Oxide Field (MV/cm)

1.E-03 I ‘ ‘ ‘ ‘ ‘ \
3




3.3 mm x 3.3 mm (0.103 cm? active area) 4H-SiC
DMOSFET 10 A on-current and 2.4 kV blocking!

l Avaanche
| @ 2370V "

Ron,sp = 42 mO-cm? BV =23/0V

Inversion Layer Electron Mobility =20 cm?/V-s




Reverse Recovery of the Body Diode of
a 0.0387cm?4H-SIiC DIMOSFET

Tekstop |

t, =~ 150 ns ;
di/dt=60A/us |

International Rectifier IRFPG50
(1000 V, 2.0 Q S  MOSFET)
t (body diode) = 630 ns

M[40.0ns] A] Ch1 L 1.04 A

19 Oct 2001

—+v(119.600ns 15:46:43




Comparison of a 0.0387 cm? 4H-SiC DIMOSFET
and a commercially available St MOSFET*
|RFPG50*

0.0387cm?

4H-SIC Silicon
DIMOSFET HEXFET
Blocking Voltage 2400 V 1000 V
Current Rating @ 27°C 2 A 6.1A
Roson @ 27°C 1.08 Q" 20Q
Cis (Input Capacitance)? 1080 pF 2800 pF
Co(Output Capacitance)? 92.5 pF 250 pF
C,s (Reverse Transfer Capacitance)? 1.66 pF 84 pF
150 ns 630 ns

t,, (body diodereverserecovery time)

D measured at V=20V, Vpe= 1V 2Ves=0V,Vps=25V, f=1.0MHz

* IRFPG50, from International Rectifier. From http://www.irf.com
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1200 V, 10 mQ-cm? Power
MOSFET Proposal

[J Reduction of Channel Resistance
Reduction of Pitch from 16 pum to 10 pm
nversion Layer Electron Mobility to ~75 cm?/V-s

e Reduction of Gatelength from 2 um to 0.75 pm
[J Reduction of JFET Resistance by JFET Implant

[J Improved Oxide Reliability

1200V, 100 A SIC Power MOSFET in 7 mm x 7 mm Die
Area of SIC chip ~ 1/20th of an equivalent Si Chip
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10 kV, 4H-SiC PIN Diode Development
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PIN Cross Section

Anode

JTE termination
p+-type
v . -type n+-type
Channel \_ Ptype / \__Ptpe S Channe
o n- epitaxial layer P
75 microns, 5-7E14 doped

n+-type substrate

Cathode
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5 KV PiN Forward I-V
Low Forward Drop

s | —soc 1/,
‘Z’ . —106C /////
g et )
g . —250C ///
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Diode Voltage (V)
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1.E-03 T

(A)

Leakage Current
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5 A PiN Reverse |-V

1.E-04 |

- 25C
-=-50C

-4 100C
—-150 C

10 1
"

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

%

Reverse Voltage (-V)
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Diode Current (A)

-4

5 kV PiN Diodes

Turn On and Turn Off Transients

—202C
—245 C

-5.0E-07
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Leakage Current Density (A/lcm?)
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Blocking Characteristics

2.5E-02

0.5 mm?2: BV =13.4 kV
2.0E-02 1.7 mm?2; BV =13.3 kV 1
5.0 mm?2: BV =13.3 kV
7.5mm? BV =11.7V

1.5E-02

1.0E-02

5.0E-03

0.0E+00

0 2000 4000 6000 8000 10000 12000 14000
Sl e - Reverse Voltage (V)
= =




Diode Current Density (A/cm?)
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Forward Characteristics
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0.5mm2 V,=4.13V @ 05 A
1.7mm? Ve=430V@ 1.7 A
50mm2 Vg, =5.13V @ 5.0 A
70 7.5mm2 Ve=515V@ 75 A /

. /
40

" 105 um Epilayer //
20

; 4 Pockaged |

0O 05 10 15 20 25 30 35 40 45 50
Forward Voltage (V)
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Diode Current (A)
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Room Temperature Reverse Recovery of
5 mm?2, 10 kV PiN Diode on 150 um Drift Layer
107 | | | |
8 1| Jrwp = 100 Alcm? @ 7 V
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Gridded PIN Diode Measurements
In thick Epilayers

- 0.8 A for 1 min 150 A/cm?2 for 100 hrs

B

150 um epilayer 100 um epilayer
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Highlights

Average Micro-pipe density of 1.3 pipes/cm? in 3" 4H-SIiC

600 V and 1200 V SBDs have been commercialized
600 V/ 135 A SIC Schottky Rectifler Modules demonstrated

50% reduction in Si IGBT switching losses with a SiC SBD
1200 V, 17 A BJTs demonstrated. Current gain and base

resistance need to be improved.
1200 V, 25-100 A power MOSFETSs are possible within two

years with active area 1/10th to 1/20th of the silicon devices
PiN Diodes: BV=13.3 kV, V- =4.3V @ 100 A/cm?,

Progress on Stacking Faults in thick epilayers
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